ABSTRACT A study was conducted to evaluate the supplementation of probiotics on Salmonella colonization in the ceca and various internal organs as well as immune response in laying hens challenged with Salmonella enterica serovar Enteritidis (SE). Thirtytwo 46-wk-old White Leghorns (W-36) were housed individually in wired laying cages under 16L:8D lighting schedule. Hens were challenged individually with nalidixic acid resistant Salmonella Enteritidis (SE NAR ) after which time they were grouped into four treatments: T1 = SE NAR unchallenged control, T2 = SE NAR challenged control, T3 = SE NAR challenged + 0.05% probiotics (Lactobacillus plantarum), and T4 = SE NAR challenged + 0.1% probiotics. All hens, including T1, were euthanized and sampled for the liver with gall bladder (L/GB), ileum, ovary, spleen, and ceca on 7-days post-infection (dpi). Fecal screening was performed on individual hens at both 3 and 6 dpi. No difference was detected between the treatments in cecal SE NAR enumeration, and the mean log 10 cfu/gm of SE NAR in the ceca was 3.7 for all three treatments. The prevalence of SE NAR was lowest for ovary in all treatments and was highest in the spleen. However, there were no significant differences among the treatments in the internal organs. There was no significant difference in the fecal shedding among the treatments on either 3 or 6 dpi, with incidence of positive feces higher at 3 dpi compared to 6 dpi (100 vs. 70% to 80%). SE NAR challenge resulted in significant upregulation (P < 0.05) of interleukin (IL)-1β, 6, 10, interferon gamma (IFN-γ), and toll-like receptor (TLR)-4 mRNA expression. Highest level of probiotics resulted in a significant decrease in IFN-γ and elevation of IL-6 and IL-10 gene expression in the ileum. However, IL-1B and TLR-4 gene expression were not different from the SE NAR challenge control. This study reveals that there was important regulation of immune genes by probiotics supplementation.
INTRODUCTION
The extensive use of in-feed antibiotics in farm animals to improve growth performance and prevent the intestinal infections have led to growing concerns for bacterial resistance (Dibner et al., 2005) . There is an increasing interest in finding alternatives to antibiotics for poultry production. Salmonella enterica serovar Enteritidis (SE) is one of the leading cause of laying hen salmonellosis (Ricke et al., 2013) . Various dietary alternatives such as probiotics, prebiotics, and bacteriophage have been developed in order to replace these antibiotics in the last decade (Patterson et al., 2003; Sims et al., 2004; Huff et al., 2005; Borsoi et al., 2011 However, different alternatives have different modes of action to control the disease or infection. Probiotics are one of the several approaches that have a potential to reduce enteric disease in poultry and poultry products contamination (Upadhaya et al., 2013) .
Probiotics are defined as the live cultures of beneficial bacteria and have been used in eliminating the Salmonella population and enhancing intestinal immunity in chicken. Several mechanisms for probiotics include competitive exclusion, production of antibacterial substances, and induction of innate immune responses (Nava et al., 2005) . The concept of probiotics use was initially started from feeding to competitively exclude the pathogens from the chicken gut (Nurmi et al., 1973) . The effects of probiotic bacteria on the immune response are due to the stimulation of antibody production, activation of T-cells, and alterations in cytokines expression profiles in animals 1235 (Haghighi et al., 2008) . Administration of probiotics in chickens has shown modulation of several cytokines including interleukins (IL) or toll-like receptors (TLR) providing protection against Salmonella (Eckmann et al., 2001 ). Bacteria such as Lactobacillus and Bifidobacterium have been shown to regulate cytokine production in the gut associated with lymphoid cells (Haghighi et al., 2008) . Also, a correlation between cytokines production and resistance to Salmonella has been shown (Haghighi et al., 2008) .
Salmonella infections are frequently associated with the elevation of the immune genes expressed in the intestine, cecal tonsil, liver, and spleen (Withanage et al., 2005) . Few studies have focused on using probiotics as feed supplements in laying hen diet and the subsequent effect of such probiotics in internal organs, intestine, and the immunity in hens. Therefore, the objectives of the current study were to determine the effects of infeed supplementation of probiotics (Lactobacillus plantarum) in feces, ceca, and internal organs recovery of Salmonella and to study the role of probiotics on the regulation of few immune cytokines.
MATERIALS AND METHODS

Bacterial Strain and Inoculum
A nalidixic acid resistant Salmonella enterica serovar Enteritidis (SE NAR ) was used as the challenge organism (provided by USDA ARS Athens). SE NAR was stored in tryptic soy broth (TSB, Acumedia, Neogen Corp., Lansing, MI) with 15% glycerol (Sigma) at -80
• C. The frozen culture of SE NAR was revived on brilliant green agar plates with sulphapyridine (BGS; Acumedia, East Lansing, MI) supplemented with 200 ppm nalidixic acid (Nal; Sigma Chemical Co., St. Louis, MO) and were incubated for 24 h at 37
• C. Isolated SE NAR colonies were transferred to 9 ml of sterile 0.85% saline solution. The absorbance value was adjusted to an optical density of 0.20 ± 0.01 at 540 nm with a spectrophotometer (Spect-20, MiltonRoy, Thermo Spectronics, Madison, WI) that yields approximately 1.0 × 10 8 cfu/ml. Cultures were serially diluted in sterile saline for enumeration. Each hen was orally gavaged with 1.0 mL of an inoculum containing approximately 2.8 × 10 8 cfu/mL of SE NAR using a 1 cc tuberculin syringe (Becton, Dickinson and Co., Franklin Lakes, NJ) and an animal feeding needle (Popper & Sons, Inc., New Hyde Park, NY), and intracloacal inoculation was performed using the same inoculum with a 1 cc tuberculin syringe without feeding needle.
Hens and Housing
Thirty-two laying hens (46-wk old at the beginning of the experiment) were housed individually in wire layer cages and fed a commercial layer ration. Hens were provided ad libitum feed and water, and kept under a light- 
Sampling Processing and Bacteriological Recovery of SE NAR in Feces and Internal Organs
All hens were screened for fecal SE NAR shedding at 3 and 6 days post-infection (dpi). For fecal screening, aluminum foil sheets were placed overnight under each hen and feces were collected the next morning. Sterile 50 ml conical centrifuge tubes were used to collect feces and transported in an ice chest for bacteriological analyses at USDA, Athens, GA. Briefly, feces were weighed, buffered peptone water (BPW) 3 times the volume of sample weight was added, and the mixture was vortexed. A 10 μl portion of each sample was streaked onto BGS-Nal plates for SE NAR isolation. Plates and sample tubes were incubated for 24 h at 37
• C. Plates that were negative by direct plating were again streaked into BGS-Nal plates from the overnight pre-enriched samples and incubated for 24 h at 37
• C. The plates were read and recorded as negative or positive.
Internal organs including ileum, ceca, liver with gallbladder (L/GB), spleen, and ovary were collected aseptically on 7 dpi and placed into individual stomacher bags. All the samples were macerated by a sterile rubber mallet. Samples were individually weighed and diluted in 3 times volume to weight in BPW. The sample bags were then stomached (Techmar Company, USA) for 60 s and pre-enriched overnight at 37
• C. Pre-enriched samples for spleen, ovaries, and LGB were streaked for isolation onto BGS-Nal plates and incubated for 24 h at 37
• C. The growth of SE NAR was observed and recorded. Cecal samples were analyzed by a modification of the 3 swab plating method of Blanchfield et al. (1984) . After stomaching, two sterile cotton swabs were dipped inside the contents of the ceca bags. Swab one was spread plated into the BGS-Nal plate (A plate). Swab two was transferred into a tube containing 9.9 ml of BPW and vortexed. A third swab was inserted into the tube, soaked and spread-plated onto next BGS-Nal plate (B plate). The contents of the tube were poured into the bag with the ceca, and the sample bags and plates were incubated at 37
• C for 24 h. Any samples that had negative results were re-streaked from the pre-enriched ceca onto a fresh BGS-Nal plate and incubated at 37
• C for 24 h. Plate counts were estimated to the nearest log 10 and the cfu/gm ceca was calculated.
RNA isolation, cDNA Synthesis and Quantitative Real-Time PCR
A section of ileum tissue, approximately 50 mg, was aseptically excised and frozen immediately at -80
• C until further analyses for cytokine gene expression. Total RNA was extracted from ileum samples using Qiazol reagent (Life Technologies, USA). Tissues were disrupted by homogenization using a mini-bead beater-16 homogenizer (Fisher Scientific, USA) for 3 min. RNA pellets were dissolved in 200-μl nuclease-free water (Ambion, Life Technologies, USA), and concentration of RNA was determined using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, USA). The purity of RNA was verified at an optical density ratio of 260 to 280 nm. RNA was normalized to a concentration of 2 μg/μl after which it was reverse transcribed using a high capacity cDNA synthesis Reverse Transcription Kits (Life Technologies, USA) following manufacturer's protocol. Primers for chicken immune genes such as toll-like receptor (TLR-4), interleukins (IL-1β, IL-6, and IL-10), and interferon (IFN)-γ were found in National Centre for Biotechnology Information. Real-time quantitative polymerase chain reaction (qRT-PCR) was performed in duplicate reaction using both forward and reverse primers, cDNA, SYBR Green (Life Technologies, USA) and nuclease-free water. qRT-PCR was performed using
Step One thermocycler (Applied Biosystem, USA). Glyceraldehyde 3-phosphate dehydrogenase was used as a housekeeping gene and used to normalize the expression of all target genes. Pro-and anti-inflammatory cytokines such as IL-1β, IFN-γ, IL-6, IL-10, and TLR-4 were evaluated for the mRNA expression. Pairs of primers used in our study are shown in Table 2 .
Statistical Analyses
The SE NAR recovery data for feces and internal organs was analyzed using Fisher Exact test for any Salmonella prevalence. The relative quantification analysis of qRT-PCR data was performed using the ΔΔCt method. The mean log10 viable cecal SE NAR counts and immune genes were subjected to one-way analysis of variance of General Linear Models procedure of SAS 9.2 (SAS Inst., 2009). Significant differences between the means of different treatment groups were determined by Tukey's Honest Significant Difference test and significant differences were assessed at P < 0.05. 
RESULTS
The negative control group, T1 did not show any positive SE NAR recovery from the ceca throughout the experimental period (Figure 1 ). There was no reduction in the SE NAR colonization of the chicken ceca after supplementing two levels of the probiotics. The mean of cecal SE NAR contents (3.7 log 10 cfu/gm) in T2, T3, and T4 was significantly higher than one in the unchallenged control (P < 0.05). However, there was no significant difference in the cecal Salmonella colonization among T2, T3, and T4. The recovery of SE NAR in L/GB was not different among the treatments and was 78% in all three groups (Figure 2 ). The recovery of SE NAR in ovary was lower than either L/GB or spleen (P < 0.05). Ovary was 20% positive for SE NAR in T2 and T3, whereas it was 50% positive in T4, but there was no significant difference among the treatments. Spleen was 100% positive in T2 while it was 80% positive in T3 and T4, respectively. The result showed that SE NAR colonization in the ovary was significantly lower than the other tissues (P < 0.05). The percentage of fecal shedding was more positive at 3 dpi than 6 dpi (P < 0.05; Figure 3) . The percentage of SE NAR recovery from feces on 3 dpi was 100% whereas by 6 dpi, the recovery was reduced to 70% in T2 and T3 and 60% in T4. There was no positive recovery in T1 group in any of the organs or feces.
For gene expression of the selected cytokines, there was significant regulation of these cytokines by Salmonella challenge and probiotic treatments (P < 0.05; Figure 4 ). There was significant upregulation of IFN-γ, IL-6, and IL-10 in T2 due to SE NAR challenge. Probiotics-supplemented groups (T3 and T4) reduced IFN-γ expression compared to T2 ( Figure 4A ); T4 significantly reduced the gene compared to T2. Supplementation of probiotics showed mixed results with IL-1β in our study. There was significant upregulation of IL-1β in T3 compared to T1 ( Figure 4B ) in the ileum. However, there was no significant difference in IL-1β regulation among T1, T2, and T4. For IL-6, T4 had significantly higher expression (P < 0.05) than the other treatment groups, and T2 and T3 had significantly higher expression compared to T1 ( Figure 4C ). The expression of TLR-4 due to SE NAR challenge (T2) was higher but not different from T1 ( Figure 4D ). There was significant upregulation (P < 0.05) of TLR-4 in both T3 and T4. Expression of IL-10 was significantly higher (P < 0.05) in T2, T3, and T4 compared to T1 with the highest expression in T4 ( Figure 4E ).
DISCUSSION
SE NAR Colonization in L/GB, Ovary, Spleen, Ceca and feces
Lactobacillus-based probiotics have been used in several studies to reduce or control pathogens such as Salmonella and Campylobacter in chickens (Revolledo et al., 2006; Haghighi et al., 2008; Ghareeb et al., 2012) . The efficacy of the probiotics can be evaluated either by the effect they provide on growth performance (Bai et al., 2013) , the intestinal mucosa development Means with no common superscripts differ significantly (P < 0.05). (Perdigon et al., 2002) , immune gene expression (Sato et al., 2003; Plaza-Diaz et al., 2014) , and direct reduction of the pathogens (Chenoll et al., 2011) . However, the mechanism of action for probiotics often depends upon various factors including age of animals, environment, and strains of Lactobacillus used to antagonize the pathogenic bacteria (Jin et al., 1998) .
SE NAR and Immune Gene Expression in the Ileum
Infection with Salmonella results in production of cytokines by host cells. Induction of pro-inflammatory cytokines due to Salmonella infection has been well reported (Haghighi et al., 2008) . There have been previous reports on the expression of several cytokines and chemokines that can occur in several cells and organs including cecal tonsil, spleen, ileum, liver, and macrophages due to Salmonella challenge (Beal et al., 2004; Withanage et al., 2005) . Specific cytokines such as IL-4 and IL-10 help in down-regulation of infection and inflammation whereas some cytokines, such as IFN-γ, IL-12, and IL-18, are involved in protection against Salmonella infection by stimulating hormonal and cellular immunity (Eckmann et al., 2001) . Furthermore, probiotics enhances the production of antigen-specific antibodies and revolves around the gut associated lymphoid tissues (GALT) in chickens (Haghighi et al., 2005 (Haghighi et al., , 2006 (Haghighi et al., , 2008 . The current study also showed that SE NAR challenge increased key proinflammatory cytokines, such as IFN-γ and IL-6, in the ileum at 7 dpi, whereas the probiotic treatments significantly reduced IFN-γ and increase a key antiinflammatory cytokine, IL-10. However, the levels of a pro-inflammatory cytokines (IL-6) and TLR-4 were still high in the ileum of the probiotic treatments at 7 dpi. This indicates that 7 dpi appears to be a transition point when inflammation and SE infection starts decreasing in the probiotic treatment groups.
IFN-γ is a pro-inflammatory cytokine that is usually upregulated after Salmonella infection (Withanage et al., 2005) . IFN-γ is also important for clearance of Salmonella in mice (Bao et al., 2000) . It has shown that probiotic bacteria have anti-inflammatory functions by reducing IFN-γ production, and the reduction is important to reduce inflammation and protect against Salmonella infection (Silva et al., 2004; Haghighi et al., 2008) . In our study, the down-regulation of IFN-γ by supplementing probiotics, especially in T4, is in agreement with other studies (Haghighi et al., 2008) . A study reported that decrease in IFN-γ production by spleen cells in Lactobacillus-fed chickens might reflect a selective decrease in Th1 cell activation (Brisbin et al., 2011) by probiotics. Our findings suggest that down-regulation of IFN-γ gene in the GALT of the laying hens are involved in the probiotic-associated reduction of SE colonization in the gut. It is also possible that probiotics prevent or decrease the cytokineproducing immune system cell movement following Salmonella challenge into the tissue, which resulted in a reduction in cytokine gene expression in probioticfed chickens (Haghighi et al., 2008) . Therefore, the results relating to IFN-γ in the present study suggest that probiotics potentially influence immune gene expression to regulate inflammatory responses in laying hens.
IL-1β is a pro-inflammatory cytokine that stimulates early innate immune response and is a mediator of acute phase protein (Cassatella, 1995) . In the current study, there was significant increase in IL-1β expression in T3 compared to T1. Although there was no significant increase in IL-1β between T1 and T2, other studies showed that the upregulation of IL-1β in the ileum, cecal tonsil, and spleen due to Salmonella Typhimurium challenge (Hu et al., 2015) . In addition, increase in the expression of IL-1β due to both Salmonella challenge and Lactobacillus-based probiotics in the present study was in agreement with a previous study (Brisbin et al., 2010 ). In the current study, the dosage of the probiotics appears to be important to induce optimum immune response to reduce pathogen infection in broilers. In addition, the higher level of probiotic supplementation (T4) appears to start reducing IL-B1 expression at 7 dpi. Further investigation on various dosages of the probiotics under pathogen challenge conditions should be tested.
IL-6 is produced from monocytes and macrophages and serves as both pro-inflammatory and antiinflammatory cytokine (Waititu et al., 2014) . IL-6 is indicative of the initiation of an acute phase response occurring in avian cells in response to Salmonella invasion (Kaiser et al., 2000) . The increased expression of IL-6 due to Salmonella infection has been observed in several previous studies (Withanage et al., 2005; Fasina et al., 2008) . Pretreatment of chickens with a combination of four Lactobacillus spp. reduced IL-6 production caused by Salmonella infection (Chen et al., 2012) . Our results of higher expression of IL-1β, especially in T4 is in agreement with a study where IL-6 expression, was increased in a probiotics-treated group in cultured enterocytes (Reilly et al., 2007) . The probiotics in the current study potentially amplify the acute phase response against Salmonella for the rapid inhibition of Salmonella colonization. Although IL-6 expression of T4 was still high at 7 dpi, it might be reduced at later time points because 7 dpi seems to be a transition point when an infection and inflammation status starts being shifted to a non-infection status.
TLRs are pathogen recognition receptors and play a crucial role in activating T cells in the intestinal immune system, especially via MyD88 dependent signaling pathway (Higgs et al., 2006) . TLR-4 is the principle receptor of lipopolysaccharide, which is a major component of the outer membrane of Gram-negative bacteria (Kannaki et al., 2010) . The augmented expression of TLR-4 in probiotics supplemented groups in our study was similar to a study that used broiler chickens challenged with Salmonella and fed 0.1 and 0.2% Lactobacillus and Saccharomyces containing probiotics (Bai et al., 2013) . Probiotic administration to healthy mice increased the expression of both TLR-2 and TLR-4 and improved the production and secretion of IFN-γ and IL-10 in the inductor sites of the gut immune response (Castillo et al., 2011) . In another study, TLR-4 mRNA expression was not influenced at all by treating intestinal epithelium by L. plantarum (Vizoso Pinto et al., 2009 ). There are contradictory results regarding TLR-4 expression by probiotics. Thus, further investigation needs to be done for the reason behind TLR-4 upregulation.
However, it has been also reported that due to the augmentation of TLR-4 signaling, there is regulation of local mucosal cell mediated immunity and promotion of gut barrier integrity (Gao et al., 2008; Ng et al., 2009 ). Upregulation of TLR-4 in LPS infected cells and supplemented with a Bacillus strain amplified the TLR-4 expression (Wang et al., 2013) . It also shows an interaction of TLR-4 to the innate immune response when establishing first contact between the potential pathogen and the ileum tissue. These receptor proteins recognize unique signals or patterns of particular molecules present on microorganisms and transmit the information to the cytoplasm of the phagocytes, which in turn leads to expression of cytokines.
IL-10 is an anti-inflammatory and immuneregulatory cytokine that is involved in B-cell activation and antibody production (Saraiva et al., 2010) . Infection with SE NAR upregulated the expression of IL-10 in the current study, and this agrees with a study that used Salmonella Typhimurium as a challenge pathogen and showed upregulation of the IL-10 expression (Brisbin et al., 2010 ). In the current study, T4 further increased IL-10 expression compared to T2. Our results on higher expression in T4 group are in agreement with a study in broilers where dietary supplementation of yeast cells upregulated IL-10 expression and produced anti-inflammatory effects (Alizadeh et al., 2016) . Chen et al. (2012) also reported that lactic acid bacteria strains significantly enhanced the expression of IL-10 in the broilers infected with Salmonella. The probiotics used in the present study showed potential anti-inflammatory effects and may have positive effects on B-cell activation and antibody production against Salmonella.
CONCLUSION
We confirmed that the effect of the probiotics used in our study was effective more at the tissue level of the chicken rather than direct inhibiting or controlling the Salmonella in the organs. This potentially correlates with the protection against the Salmonella infection. The result shows that the probiotics used in the present study regulates essential immune-cytokines for Salmonella control. Further studies need to be performed in order to understand the mechanism of action of the probiotics and interaction between the probiotics and the host immune system.
